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Iron oxide/carbon composite microspheres were prepared by a simple solution polymerization followed 
by pyrolysis in flowing nitrogen atmosphere at high temperature. The composites were characterized 
using various characterization techniques including powder X-ray diffraction, high resolution transmis¬ 
sion electron microscopy, scanning electron microscopy, N 2 physical adsorption and the electrochemical 
performance test. The results show that the iron oxide/carbon composites consist of uniform micro¬ 
spheres with an average diameter of ~2.1 |mm. These iron oxide/carbon composite microspheres exhibit 
high capacity and good cycle stability when used as a lithium-ion battery anode. When the iron oxide con¬ 
tent is 66%, the composite reveals the best electrochemical performance with an initial charge capacity of 
730 mAh g -1 , and even after ninety cycles the electrode still maintains a capacity of 664 mAh g -1 , giving 
high capacity retention of 91%. The good electrochemical performance of the composite anode is close 
related with its structure, in which Fe 2 0 3 particles are uniformly dispersed in the spherical carbon matrix; 
hence the volume change and aggregation of the Fe 2 0 3 particles during lithium ion insertion/extraction 
process can be effectively hindered by the carbon matrix. On the other hand, carbon itself is an electronic 
conductor, the carbon layer and Fe 2 0 3 particles connect closely, which ensures a good electrical contact 
during lithium insertion and extraction. 

© 2012 Elsevier Ltd. All rights reserved. 


1. Introduction 

Recently, transition metal oxides (MO) such as nickel oxides, 
cobalt oxides, tin oxides, vanadium oxides and iron oxides have 
been investigated as potential alternatives to carbon anode mate¬ 
rials due to their high theoretical capacities and good safety [1-5]. 
Among them, iron oxides have attracted more attention due to 
their attractive features such as low cost, nontoxicity, and envi¬ 
ronment friendly properties. Various structures of iron oxides such 
as Fe 2 0 3 nanotubes [6], Fe 2 0 3 hollow microspheres [7,8], iron 
oxide nanowires [9], Fe 2 0 3 nanoflakes [10] and Fe 2 0 3 nanorods 
[11] have been employed as the anode materials of lithium 
ion batteries, and their electrochemical performances have been 
investigated. 

However, there are two shortcomings limiting the appli¬ 
cations of MO in lithium ion batteries. Firstly, MO are 
poor semiconductors, the low electronic conductivities of MO 
particles restrict the charge transfer process. Secondly, the 
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cyclabilities of MO electrodes are significantly affected by 
the volume change of MO particles. In course of lithium 
insertion-extraction, MO particles will pulverize into smaller 
particles, leading to electrical isolation of electrodes. An effec¬ 
tive way to overcome these problems is to prepare MO/carbon 
composite materials, in which carbon acts as both struc¬ 
tural buffer and conductive agent. Up to now, various iron 
oxides/carbon composite anode materials such as carbon- 
encapsulated Fe 2 0 3 hollow nanoparticles [12], Fe 2 0 3 /carbon 
nanocomposites [13], Fe 2 0 3 /Fe/carbon nanocomposites [14], 
Fe 2 0 3 /single-walled carbon nanohorns [15], Fe 2 0 3 /graphene [16], 
Fe 3 0 4 /graphene composite [17], and magnetite/carbon compos¬ 
ite [18] have been prepared. Among these composites, the 
composite of Fe 2 0 3 /single-walled carbon nanohorns exhibits 
excellent rate performance and cycle stability [15]. However, 
the preparation of single-walled carbon nanohorns involved with 
complicated and costly apparatus, which limited its practical appli¬ 
cations. 

In the present work, we prepared iron oxide/carbon compos¬ 
ite microspheres via a simple route using inexpensive resorcinol 
and formaldehyde as the carbon source. The as-prepared iron 
oxide/carbon composite microspheres exhibit high capacity and 
excellent cycle stability when used as a lithium-ion battery 
anode. 


0013-4686/$ - see front matter © 2012 Elsevier Ltd. All rights reserved, 
doi: 10.1016/j.electacta.2012.02.015 
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Fig. 1 . SEM images of samples: (a) Fe 2 0 3 /C-22; (b) Fe 2 0 3 /C-39; (c) Fe 2 0 3 /C-66; (d) Fe 2 0 3 /C-78; and (e) Fe 2 0 3 hollow microspheres. 


2. Experimental 

2A. Preparation of iron oxide/carbon composite microspheres 
and iron oxide hollow microspheres 

In a typical procedure, 60 mmol of FeCl 3 -6H 2 0 was dissolved in 
100 mL of distilled water containing 6.4 g of resorcinol and 8.6 mL 
of 37wt% formaldehyde solution. The resulting mixture was then 
aged at 90 °C for 3h to produce a FeCl 3 /resorcinol-formaldehyde 
(RF) gel composite, which was then carbonized in a tubular furnace 
under flowing nitrogen atmosphere via a ramping rate of 5 °C min -1 
from room temperature to 600 °C, and remaining at 600 °C for 
1 h. Finally, the iron oxide/carbon composite microspheres were 
obtained. Based on thermogravimetric analysis (TG) analysis, Fe 2 0 3 
content in the iron oxide/carbon composite microspheres is 66 wt%, 
the sample was denoted Fe 2 0 3 /C-66. 

For comparison, the Fe 2 0 3 /C composites with different Fe 2 0 3 
contents were prepared using the same procedure but with 
different amounts of FeCl 3 -6H 2 0 (20, 40, 80 mmol), the resul¬ 
tant samples were denoted Fe 2 0 3 /C-22, Fe 2 0 3 /C-39, Fe 2 0 3 /C-78, 


respectively. The iron oxide hollow microspheres were prepared 
by calcining the sample of Fe 2 0 3 /C-66 at 600 °C for 3h in 
air. 

2.2. Material characterization 

Powder X-ray diffraction (XRD) was performed on a Rigaku 
D/MAX-III X-ray diffractometer using a Cu Ka source. The scan¬ 
ning electron microscopy and energy-dispersive analysis by X-ray 
(EDAX) were performed on a FEI Quanta 200. The microstructures 
were characterized using a high resolution transmission electron 
microscopy (FIRTEM, JEOL JEM-2100). For the TEM analysis, a dilute 
suspension of the sample was dropped onto a carbon-coated TEM 
grid, and dried. The selected area electron diffraction (SAED) pat¬ 
tern was obtained using an HRTEM (JEOL JEM-2100). TG analysis 
was performed on a TGA Analyzer (TA-Q600SDT, USA) with a heat¬ 
ing rate of 10 °C min -1 under a flow of air. The surface area and the 
pore size distribution (PSD) of the samples were obtained from N 2 
(771<) adsorption measurement using a Micromeritics ASAP2020 M 
system. The surface area of the samples was calculated by BET 
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Fig. 2. (a) TEM images of Fe 2 0 3 /C-66, (b) SAED pattern for the selected region in (a), and (c) HRTEM image of Fe 2 0 3 /C-78. 


method. The micropore surface area was obtained using the t-plot 
method. The average pore diameter (D) was estimated from the 
S B et and total pore volume (V) according to the equation D = 4V/S. 

2.3. Electrochemical tests 

Electrochemical experiments were carried out using three- 
electrode lithium cells. The working electrode consists of 80wt% 
active material, 10wt% carbon black, 10wt% polyterafluoroethy- 
lene (PTFE). Pure lithium was used as the counter and reference 
electrode, and 1.0 M LiPF 6 dissolved in a mixed solution of ethy¬ 
lene carbonate (EC)-dimethyl carbonate (DMC) (1:1, by weight) 
as the electrolyte. The cells (CR2032 coin type) were assembled 
in an argon-filled glove box. They were charged and discharged 
at a constant current density of 50 mAg -1 between cut-off poten¬ 
tials of 0.005 and 3.0 V on a LAND CT2001A cell test apparatus. 
Cyclic voltammogram (CV) experiment was performed at a scan 
rate of 0.1 mVs -1 within the range of 0-3.0 V on an electrochem¬ 
istry workstation (Autolab PGSTAT302N). 

3. Results and discussion 

Fig. 1 shows SEM images of the iron oxide/carbon composites 
and individual iron oxide. It can be seen that Fe 2 0 3 /C-66 is con¬ 
sisted of relatively uniform and well dispersed microspheres with 
an average diameter of ~2.1 pun. Both Fe 2 0 3 /C-22 and Fe 2 0 3 /C-39 
are composed of microsphere aggregates. Fe 2 0 3 /C-78 is consisted 
of small amounts of microspheres together with large amounts 
of irregular small particles. The energy dispersive analysis of X- 
rays (EDAX) indicates that the microspheres in Fe 2 0 3 /C-78 contain 
29.8% Fe, 25.9% O and 44.4% C; whereas, the irregular small particles 
contain 38.9% Fe, 31.3% O and 29.7% C. 

It is known that the polycondensation of resorcinol and 
formaldehyde to form RF gels can be catalyzed by both acidic and 
basic catalysts. Acidic and basic catalysts affect differently the mor¬ 
phology of the produced gels at the same mass ratio (percentage 
of the mass of monomers to the total mass of the starting solution) 


and the resorcinol-to-catalyst molar ratio [ 19]. The formation of the 
spherical structure is resulted from the shape of the RF gel, which 
is known to be strongly dependent on the initial pH of the reaction 
mixture. Micrometer-sized RF gel microspheres are known to form 
in the low pH conditions [20]. The initial pH values of the reaction 
mixtures are 0.6,0.28,0.15 and 0.07, respectively, during the prepa¬ 
ration of these composites i.e. Fe 2 0 3 /C-22, Fe 2 0 3 /C-39, Fe 2 0 3 /C-66 
and Fe 2 0 3 /C-78, which led to the formation of micrometer-sized 
dense spherical particles containing Fe 3+ except for Fe 2 0 3 /C-78. 
The results suggest that the content of FeCl 3 also has a huge influ¬ 
ence on the morphology of the resultant products. As presented 
previously, reactants tend to precipitate at very low solution pH 
values [19]. During the preparation of Fe 2 0 3 /C-78, the pH of the 
initial RF solution is as low as 0.07, which may cause the precipita¬ 
tion of some reactants; hence affects the polycondensation reaction 
of resorcinol and formaldehyde, resulting the formation of large 
amounts of irregular small particles together with small amounts 
of microspheres. 

The iron oxide/carbon composite microspheres (Fe 2 0 3 /C-66) 
were calcined at 600 °C for 3 h in air, carbon in the microspheres 
was removed, and the oxide/carbon solid microspheres were trans¬ 
formed into iron oxide hollow microspheres. 

The textural porosities of the synthesized samples were charac¬ 
terized by N 2 adsorption analysis. Table 1 shows the specific surface 
area and pore structural parameters. It can be seen that all the sam¬ 
ples contain a large amount of micropores. The sample Fe 2 0 3 /C-22 
has a BET surface area of 481 m 2 g -1 , micropore surface area of 
425 m 2 g -1 , total pore volume of 0.229 m 3 g -1 and micropore vol¬ 
ume of 0.196 m 3 g -1 . As the increase of Fe 2 0 3 in the samples, the 
BET surface area, micropore surface area, total pore volume, and 
micropore volume all decrease. 

Fig. 2 shows the representative transmission electron 
microscopy (TEM) images of Fe 2 0 3 /C-66 and Fe 2 0 3 /C-78. The 
samples were ground carefully using an agate motar pestle before 
TEM measurement. The TEM image of Fe 2 0 3 /C-66 (Fig. 2a) shows 
that there are lots of dark spots distributed well in the carbon 
matrix. Although the selected area electron diffraction (SAED) 
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Table 1 

Specific surface area and pore structure parameters of samples. 


Samples 

BET surface 
area(m 2 g _1 ) 

Micropore surface 
area (m 2 g _1 ) 

External surface 
area (m 2 g _1 ) 

Total pore volume 

(m 3 g- 1 ) 

Micropore volume 

(m 3 g- 1 ) 

Average pore 
diameter (nm) 

Fe 2 0 3 /C-22 

481 

425 

56 

0.229 

0.196 

4.1 

Fe 2 0 3 /C-39 

384 

323 

61 

0.207 

0.149 

7.1 

Fe 2 0 3 /C-66 

202 

150 

52 

0.143 

0.069 

10.6 

Fe 2 0 3 /C-78 

133 

91 

42 

0.116 

0.041 

12.3 
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Fig. 3. XRD patterns of iron oxide/carbon composite microspheres (a) and iron oxide 
hollow microspheres (b). 


pattern in Fig. 2b confirms that these dart spots are composed of 
7-Fe 2 0 3 , no clear crystalline lattice of the dark spots is observed by 
HRTEM, which suggests that that the surface of 7-Fe 2 0 3 particles 
would partially be coved by amorphous carbon. For Fe 2 0 3 /C-78 
some 7-Fe 2 0 3 particles with ~20nm in sizes are clearly observed 
in the HRTEM image (Fig. 2c). 

Fig. 3a shows XRD patterns of the iron oxide/carbon com¬ 
posites. It can be seen that all the diffraction peaks in the XRD 
patterns ofFe 2 0 3 /C-39, Fe 2 0 3 /C-66 and Fe 2 0 3 /C-78 can be assigned 
to maghemite phase of Fe 2 0 3 (7-Fe 2 0 3 , JCPDS no. 39-1346). For 
Fe 2 0 3 /C-22, besides the peaks corresponding to the 7-Fe 2 0 3 , there 
is a broad peak at ~23°, which is caused by the amorphous car¬ 
bon in the composites. Fig. 3b shows XRD pattern of the iron 
oxide hollow microspheres, in which all the diffraction peaks can 
be well assigned to hematite phase Fe 2 0 3 (a-Fe 2 0 3 , JCPDS no. 


33-0664), confirming that the maghemite Fe 2 0 3 transformed into 
hematite phase after calcination at 600 °C for 3 h in air. The aver¬ 
age crystalline size of Fe 2 0 3 in Fe 2 0 3 /C-22, Fe 2 0 3 /C-39, Fe 2 0 3 /C-66, 
Fe 2 0 3 /C-78 and Fe 2 0 3 hollow spheres calculated by Scherrer equa¬ 
tion is about 19.7, 20.7,19.5, 21.7 and 30.5 nm, respectively. 

Fig. 4 shows the discharge/charge curves of the iron 
oxide/carbon composites and iron oxide hollow microsphere elec¬ 
trodes in the cycles. In the first discharge curves, two obvious 
plateaus (1.1-0.9 V and ca. 0.85 V) are clearly observed, which 
are similar to those of reported a-Fe 2 0 3 solid nanostructures 
[21,6], and carbon-encapsulated Fe 2 0 3 hollow nanoparticles [12]. 
The plateau at 1.1-0.9 V can be ascribed to Li insertion into the 
Fe 2 0 3 structure, and the 0.85 V could be attributed to the reduc¬ 
tion from Fe 3+ to Fe° and the formation of amorphous Li 2 0 
(Fe 2 0 3 + 6Li*>2Fe + 3Li 2 0) [12,16,6]. The 2nd and 50th discharge 
curves of the Fe 2 0 3 /C composites and Fe 2 0 3 hollow microspheres 
are different from the first, suggesting lithium-driven, structural or 
textural modification [17]. 

From Fig. 4, it can also be seen that the initial discharge capaci¬ 
ties of Fe 2 0 3 /C-22, Fe 2 0 3 /C-39, Fe 2 0 3 /C-66, Fe 2 0 3 /C-78 and Fe 2 0 3 
hollow sphere anodes are 829, 929,1216,1315 and 1233 mAhg -1 , 
while the corresponding charge capacities are 362, 463, 730, 845 
and 905 mAhg -1 , respectively. There are large irreversible capac¬ 
ities in the first cycle, which leads to relatively low coulombic 
efficiencies of 43,49, 60, 64 and 73%, respectively. The irreversible 
capacity arises most likely from the following reasons: one is the 
formation of solid electrolyte interface (SEI) film on the surface of 
tin and amorphous carbon, another is the presence of abundant 
unsaturated carbon atoms on these composites, which may cat¬ 
alyze the decomposition of electrolyte [22]. In addition, some Li ions 
may be permanently trapped in the carbon-matrix composites due 
to (a) slow Li release kinetics, (b) the formation stable lithium com¬ 
pounds, resulting in irreversible capacity loss or (c) strong bonding 
with less coordinated atoms at defect sites [23]. The first coulombic 
efficiencies of the samples increase gradually with increasing the 
contents of Fe 2 0 3 in the composites. From the second cycle, the 
iron oxide/carbon composite anodes and iron oxide anode deliver 
a charge capacity near its discharge capacity with the coulombic 
efficiency higher than 90%. 

The electrochemical performance of the samples was investi¬ 
gated by CV experiments. Fig. 5 shows CV curves of Fe 2 0 3 /C-66 
and the iron oxide hollow microsphere electrodes for the first three 
cycles. In the first cycle, Fe 2 0 3 /C-66 exhibits three peaks in the 
cathodic process at about 0.9, 0.6 and 0.2 V. The high intensity 
peak at 0.6 V can be attributed to the reduction of Fe 3+ to Fe°, 
and the peak at 0.9 V could be due to the decomposition of elec¬ 
trolyte, which results in the formation of an organic layer that is 
deposited on the surface of the particles [13,17]. The peak at 0.2 V 
corresponds to the insertion of Li into the carbon matrix. The peaks 
at 0.9 and 0.2 V disappear in the subsequent reduction process. In 
the anodic process, a main peak at 1.65 V and a hill at 0.3 V can be 
assigned to the oxidation of Fe° to Fe 3+ and the lithium ion extrac¬ 
tion from carbon matrix, respectively [13]. During the subsequent 
cycles, the cathodic peaks at 0.6 V and anodic peak at 1.65 V are pos¬ 
itively shifted to 0.76 and 1.8 V, respectively, indicating structural 
modifications in the first cycle. The CV curves of the Fe 2 0 3 /C- 
66 in the subsequent two cycles almost overlap, suggesting an 
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Fig. 4. The discharge/charge curves of the samples at the current density of 50mAg -1 . 


excellent reversibility. The iron oxide hollow microspheres elec¬ 
trode shows typical CV curves (Fig. 5b) which is in agreement with 
that reported previously [9]. In the first cycle, only a spiky peak at 
0.6 V appears which corresponds to the reduction of Fe 3+ to Fe° in 
the cathodic process. The anodic peak at about 1.8 V corresponds 
to the reversible oxidation of Fe° to Fe 3+ . In the subsequent cycles, 
the cathodic and anodic peaks shift to 0.9 and 1.9 V, respectively. 

The reversible capacity vs. cycle number profiles of the samples 
are illustrated in Fig. 6. It can be seen that the iron oxide anode deliv¬ 
ers the highest initial charge capacity; however, the charge capacity 
of the anode decreases quickly during the subsequent cycles, after 
50 cycles only shows a capacity of 419 mAh g -1 , which is 46% of 
the initial capacity. The iron oxide/carbon composite anodes show 
a little bit lower initial charge capacity but much better cycle sta¬ 
bility than the iron oxide anode. Particularly, Fe 2 0 3 /C-66 reveals 


the best electrochemical performance with an initial charge capac¬ 
ity of 730 mAh g -1 , and even after ninety cycles the electrode still 
maintains a capacity of664 mAh g -1 , giving high capacity retention 
of 91%. Fe 2 0 3 /C-78 also reveals good electrochemical performance 
with an initial charge capacity of 845 mAh g -1 , and the capacity 
retention of 85.2% after fifty cycles. 

To investigate the rate performance of the Fe 2 0 3 /C-66 and 
Fe 2 0 3 /C-78 composites, cells were cycled at various rates. Fig. 7 
shows capacity vs. cycle number profiles of the samples at various 
current densities from 100 to 1000 mAh g -1 . The reversible capac¬ 
ity decreases slowly with increasing current density. At 100 mA g -1 
the Fe 2 0 3 /C-66 and Fe 2 0 3 /C-78 composite anodes deliver a spe¬ 
cific capacity of 606.5 and 821.5 mAh g -1 , respectively. At a high 
rate of 1000 mA g -1 , the specific capacity was decreased to 97.1 for 
Fe 2 0 3 /C-66 and 78.9 mAhg -1 for Fe 2 0 3 /C-78. Flowever, when the 
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Potential vs (Li/Li + ) / V 

Fig. 5. CV curves of Fe 203 /C -66 microspheres (a), and iron oxide hollow micro¬ 
spheres (b). 



Cycle number 

Fig. 6. Cycling performance of the samples at the current density of 50 mAg -1 . 

current density reduced back to 100mAg -1 , a reversible capacity 
of 482.0 mAh g -1 for Fe 203 /C -66 and 487.9 mAh g -1 for Fe 203 /C- 
78 could be resumed and remained stable in the following cycles. 
These results indicate that the Fe 2 0 3 /C-66 anode has better cycling 
stability than the Fe 2 0 3 /C-78. This is mainly resulted from the 
structural difference between Fe 2 0 3 /C-66 and Fe 2 0 3 /C-78. In the 
Fe 2 0 3 /C-66 composite Fe 2 0 3 particles are uniformly dispersed in 



Fig. 7. Cycling performance of the Fe 2 0 3 /C-66 and Fe 2 0 3 /C-78 anodes at various 
current denties. 

the spherical carbon matrix; hence the volume change and aggrega¬ 
tion of the Fe 203 particles during lithium ion insertion/extraction 
process can be effectively hindered by the carbon matrix. On the 
other hand, carbon itself is an electronic conductor, the carbon layer 
and Fe 2 0 3 particles connect closely, which ensures a good electri¬ 
cal contact during lithium insertion and extraction. The Fe 2 0 3 /C-66 
microsphere composite with high capacity and good cycle stability 
is comparable with recent results on carbon-encapsulated Fe 2 0 3 
hollow nanoparticless [12], Fe 203 /Fe/carbon nanocomposites [14]. 

4. Conclusions 

Fe 203 /C composites have been prepared successfully using a 
simple solution polymerization route. The morphology of the resul¬ 
tant composites is dependent on the addition amount of ferric 
chloride. When the content of Fe 2 0 3 in the Fe 2 0 3 /C composites 
is lower than 66%, the samples are composed of microsphere or 
microsphere aggregates. Whereas, Fe 2 0 3 /C-78 with 78% Fe 2 0 3 is 
consisted of small amounts of microspheres together with large 
amounts of irregular small particles. XRD confirms that Fe 203 
in these composites can be assigned to 7-Fe 2 0 3 . Among these 
composites, the Fe 2 0 3 /C composite with 66% Fe 2 0 3 consisting of 
uniform microspheres with an average diameter of ~2.1 p,m reveals 
the best electrochemical performance with an initial charge capac¬ 
ity of 730 mAh g -1 , and even after ninety cycles the electrode still 
maintains a capacity of664 mAh g -1 , giving high capacity retention 
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of 91%. This is mainly due to the fact that Fe 2 0 3 particles are uni¬ 
formly dispersed in the spherical carbon matrix; hence the volume 
change and aggregation of the Fe 2 0 3 particles during lithium ion 
insertion/extraction process can be effectively hindered by the car¬ 
bon matrix; hence the cracking or pulverization of the electrode is 
avoided. 
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